Background: Most childhood acute lymphoblastic leukemia (ALL) survivors develop chronic treatment-related adverse effects several years after the end of therapy. A regular practice of physical activity and a good cardiorespiratory fitness have the potential to reduce the risk of chronic disease and improve quality of life. The aim of this study was to evaluate in a cohort of ALL survivors, the association between a good cardiorespiratory fitness or the respect of physical activity guidelines and major long-term health outcomes.
C hildhood acute lymphoblastic leukemia (ALL) is the pediatric cancer with the highest prevalence and one of the major causes of disease-related mortality in children and young adults. During the last decades, major progress was made with regard to the treatment of ALL, and 5-year survival rates now exceed 90%. 1 As a result, there is a growing number of young adult ALL survivors. Unfortunately, this therapeutic success comes at a steep price, as most ALL survivors will develop severe chronic treatmentrelated late adverse effects after the end of therapy.
The Cancer Childhood Study reported that 25 years after diagnosis, 50% of ALL survivors suffer from at least one chronic medical condition and they are 3.7 times more likely than their siblings to report a severe or life-threatening medical condition. 2 Furthermore, in a clinically evaluated cohort, it was found that nearly 100% of survivors from childhood cancers (not restricted to ALL) have a chronic health condition and that two-third of them are affected by a severe or life-threatening condition. 3 These late adverse effects may include cardiotoxicity, obesity, metabolic disorders, neurocognitive impairments, or bone health issues. 4, 5 It has been observed that healthy lifestyle habits have the potential to reduce the risk of chronic disease, cancer recurrence, and quality of life in cancer survivors. 6, 7 In adult survivors of childhood Hodgkin lymphoma, vigorous exercise is associated with a lower risk of cardiovascular events. 8 It has been extensively documented that in the general population and in cardiac patients, regular physical activity practice and a good cardiorespiratory fitness have a positive impact on the health condition. [9] [10] [11] Moreover, a recent study in adult survivors of childhood ALL has identified associations between components of physical fitness and self-reported adverse health status outcomes (ie, general health, mental health, functional impairments, activity limitations). 12 However, it is currently unknown whether a good cardiorespiratory fitness or the regular practice of physical activity is enough to induce a preventive action on late adverse effects in ALL survivors. Therefore, we evaluated in a cohort of ALL survivors, the association between a good cardiorespiratory fitness or the respect of physical activity guidelines and major long-term health outcomes.
METHODS

Participants
All childhood ALL survivors were diagnosed between 1987 and 2010 and treated according to DFCI-ALL 87-01 to 05-01 protocols 13 at Sainte-Justine University Health Center (SJUHC), Montreal (Quebec), Canada. The participants were recruited in the context of the PETALE study, a multidisciplinary research project with the goal to identify and to comprehensively characterize associated predictive biomarkers of long-term treatment-related complications in childhood ALL survivors. 14 These participants had no history of refractory or recurrent diseases and did not receive a hematopoietic stem cell transplant. These participants were almost exclusively of French Canadian descent ( > 95%). 14 In the current study, we restricted participants to those who were below 19 years of age at diagnosis and above 12 years of age at the moment of interview. Subjects who had suffered from congenital bone disease or who had received osteotoxic drugs for non-ALL disease were excluded. Written informed consent was obtained from every patient or parent/legal guardian. The study was conducted in accordance with the Declaration of Helsinki and the protocol was approved by the Ethics Review Committee of SJUHC.
Assessment of Cardiorespiratory Fitness
Participants underwent a cardiopulmonary exercise test on an electromagnetic cycle ergometer (ER900; Ergoline, Bitz, Germany) following the McMaster incremental cycle protocol. Oxygen uptake was measured with a breath-bybreath system (Oxycon Pro; Viasys Healthcare, Germany) calibrated before each test. Two or the 3 following criteria had to be met for the effort to be considered maximal: respiratory exchange ratio ≥ 1.1; rate of perceived exertion on OMNI scale > 7; maximal heart rate ≥ 85% predicted value. 15, 16 Breath-by-breath data were averaged at 20 second intervals to determine the maximal oxygen consumption (VO 2 peak).
Predicted VO 2 peak was estimated for 18 years and above of age with the Wasserman et al 17 and Hansen et al 18 formula and with Cooper's formula 17, 19 for participants below 18 years of age. As suggested by Wasserman, Hansen 17 for participants below 18 years of age, an adjustment was made for overweight participants, with an addition of 6 mL/min for each kilogram of weight above normal weight. Normal/predicted weight was calculated based on the 50th percentile of the World Health Organization body mass index (BMI) charts for children. 20 Percentage of measured versus predicted VO 2 peak was computed (measured VO 2 peak/predicted VO 2 peak x100) to evaluate the cardiorespiratory fitness. Therefore, VO 2 peak was used to represent cardiorespiratory fitness, as it is considered the gold standard in exercise physiology. 21 
Assessment of Physical Activity
The Minnesota Leisure Time Physical Activity Questionnaire 22,23 was used to assess the level of physical activity. An experienced exercise physiologist first read the 20 sports included in the questionnaire and then guided the participants to recall any other sports or leisure physical activity they might have practised in the last 3 months. Precision on frequency, duration, and intensity of the activities were asked. A metabolic equivalent value from the Compendiums of Physical Activity for Adults and for Youth 24 was used to quantify the intensity of each activity. All activities with a metabolic equivalent value ≥ 3 were considered of moderate-to-vigorous intensity. Total of weekly minutes of moderate-to-vigorous leisure physical activities (MVLPA) was then calculated.
Assessment of Health Outcomes
Assessment of health outcomes (ie, obesity, metabolic health, cardiac health, cognitive health and mood, bone health) are detailed below, and all the cut-off values are summarized in Table 1 .
Obesity
Body composition was evaluated using 3 criteria: BMI, waist circumference, and total body fat mass percentage. According, to the World Health Organization classification, participants with BMI ≥ 30 kg.m 2 (adults) or ≥ 97th percentile (below 18 y of age) were considered obese. 20 For waist circumference, adult participants with ≥ 102 cm (men) and ≥ 88 cm (women) 25 and children ≥ 95th percentile 26 were considered abdominally obese. The total body fat mass percentage was measured by dual energy x-ray absorptiometry (Lunar Prodigy; GE Healthcare, Madison, WI). Following WHO criteria, 27 men with > 25% and women with > 35% total body fat percentages were considered as obese; for those below 18 years of age, reference data from the US population 28 was used and the threshold for obesity was set at ≥ 95th percentile.
Metabolic Health
Blood samples were drawn in the morning after an overnight fast. In adults, serum LDL-cholesterol ≥ 3.4 mmol/L 29 and triglycerides levels ≥ 1.7 mmol/L 29 were considered high. High-density lipoprotein (HDL) cholesterol <1.03 in men and <1.3 mmol/L in women were considered low. 29 In children, serum LDL-cholesterol, triglycerides, and HDLcholesterol values were classified according to the recent guidelines of the National Heart, Lung and Blood Institute for sex and age group. 30 Fasting serum was also used to measure glucose, insulin, and glycated hemoglobin. The homeostasis model assessment (HOMA-IR) (insulin [mIU/L]×glucose [mmol/L]/22.5) was used as a surrogate estimate of insulin resistance. 31 Overall insulin resistance was defined as presenting at least one of 3 factors: blood fasting glucose ≥ 6.1 mmol/L, glycated hemoglobin ≥ 6.0%, and/or HOMA-IR ≥ 2.86 (adults), 32 or ≥ 95th percentile (children). 33 The metabolic syndrome was defined according to the criteria from the International Diabetes Federation (IDF). 34 In subjects 16 years and above of age, the metabolic syndrome was defined as having a waist circumference ≥ 94 cm (men) or ≥ 80 cm (women), plus any 2 of the following factors: (i) triglycerides ≥ 1.70 mmol/L or on drug treatment; (ii) HDL < 1.03 mmol/L in men and <1.3 mmol/L in women or on therapy; (iii) systolic ≥ 130 mm Hg or diastolic ≥ 85 mm Hg or on treatment and; (iv) fasting blood glucose ≥ 5.6 mmol/L. For children 10 to <16 years old, the metabolic syndrome was defined as waist circumference ≥ 90th percentile plus any 2 of: (i) triglycerides ≥ 1.70 mmol/L; (ii) HDL < 1.03 mmol/L; (iii) systolic ≥ 130 mm Hg or diastolic ≥ 85 mm Hg; and (iv) fasting blood glucose ≥ 5.6 mmol/L. 35 
Cardiac Health
Cardiac transthoracic M-Mode echocardiographic assessment was performed (Vivid 9 machine; GE Medical Systems, Milwaukee, Wisconsin) to measure ejection fraction (EF) according to previously published studies and recommendations. [36] [37] [38] [39] Subjects with an EF < 55% were considered to be having a reduced EF. 40 Arterial pressure was measured in the morning on the right arm, while seated and at rest. Participants considered to have prehypertension according to current recommendations 41 and those with hypertension were grouped together. Hypertension, in accordance with the Canadian children and adolescents guidelines, 42 is considered as ≥ 130/85 mm Hg in adults and ≥ 90th percentile according to age and height in children. Participants taking medication to treat hypertension were automatically classified as hypertensive.
Cognitive Health and Mood
Participants underwent different tests from the DIVERGT battery. 43 The 4 tests chosen to identify cognitive impairments were: (1) Digit Span (WAIS-IV/WISC-IV); (2) Verbal Fluency-Condition 1-Letter Fluency (D-KEFS); (3) Trail Making Test-Condition 4-Number-Letter Switching (D-KEFS); (4) Grooved Pegboard-Dominant Hand. Participants who had either 1 test with a score ≤ 2nd percentile (normative data from the general population) or 2 tests with a score ≤ 10th percentile were considered as having cognitive impairments. Mood was assessed with the Brief Symptom Inventory (BSI-18) in adults 44, 45 and the Beck Youth Inventories (BYI) for Anxiety and Depression modules in children. 46 Participants with T-score ≥ 63 (adults) and ≥ 60 (children) showed moderate to severe levels and were classified in the present research as probable cases of anxiety and depression.
Bone Health
Lumbar spine bone mineral density (LS-BMD) was measured using the GE Lunar Prodigy (GE Lunar Corporation, Madison, WI) dual energy x-absorptiometry scan and age-adjusted and sex-adjusted Z-scores were calculated. Subjects with BMD ≤ −1 z-score compared with the normal healthy population were considered as having low BMD. The presence or absence of vertebral fractures was assessed from anterior and lateral thoracolumbar spine radiographs. Two pediatric radiologists scored the spine radiographs from T4 to L4 vertebrae using the modified Genant semiquantitative method. 47 
Preventive Fraction (PF)
The PF is a ratio used in epidemiological studies to assess the impact of an exposure factor (ie, cardiorespiratory fitness and physical activity) on a disease (ie, health outcomes). 48, 49 The literature shows that it is relevant to use the PF to explore the preventive action of a good cardiorespiratory fitness and a regular practice of physical activity on health outcomes. 10 In epidemiology, the PF is derived from odds ratio (OR). Indeed, the OR is a measure of association between the cardiorespiratory fitness or the physical activity practice and the health outcomes. Therefore, the PF can be calculated when OR is under one, as PF = (1−OR).
The association between cardiorespiratory fitness and health outcomes was studied using cardiorespiratory fitness on a continuous scale. For these regression models, the PF values correspond to a reduction in the prevalence of the health outcomes with each augmentation of 10% in predicted/measured VO 2 peak ratio. The association between the physical activity level (active/not active) and health outcomes was also studied. Participants were considered active if they had practiced ≥ 150 minutes per week of MVLPA, which is the recommendation from Canadian guidelines in physical activity for adults. 50 In children and adolescents, recommendations are even higher, with 60 minutes per day of MVLPA. As very few of our 18 years and above of age survivors met this guideline, we set the threshold at 150 weekly minutes of MVPLA for everyone. Cardiorespiratory fitness and physical activity level are interconnected variables since cardiorespiratory fitness is mainly increased via MVLPA, but they can also be considered distinctively.
Statistics
Data on demography and clinical characteristics of the participants are presented with descriptive statistics. The prevalence of each adverse health outcome was calculated for the whole cohort, with stratifications for cardiorespiratory fitness and physical activity level. The associations between cardiorespiratory fitness, physical activity level, and each outcome of interest (eg, obesity, dyslipidemia, etc.) were examined with univariate crude and adjusted logistic regression models. Sex, age at diagnosis, and time since diagnosis were included in all adjusted analyses. Other variables were also included on the basis of prior knowledge about their association with studied outcomes. [51] [52] [53] [54] Obesity, dyslipidemia, insulin resistance, and metabolic syndrome were adjusted for the Mediterranean diet score, 55 corticosteroids (CSs), and radiation therapy exposure (CRT); reduced EF for ALL risk category, and exposure to dexrazoxane; hypertension for CS and CRT; cognitive impairments for CS, CRT, and methotrexate doses; low LS-BMD for CS and z-score height; vertebral fractures for CS and low LS-BMD. All statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC). Significance level was set to P ≤ 0.05.
RESULTS
A total of 247 participants were evaluated. One participant was excluded because of missing data. For the analyses involving cardiorespiratory fitness as the main explanatory variable, 22 other subjects were excluded for different reasons: 5 did not achieve a maximal effort based on the criteria previously described, 13 did not complete the effort test on the ergocycle (too short for the cycle ergometer, musculoskeletal pain, inappropriate clothing), and there were issues with the equipment or protocol for 4 participants. A total of 224 participants were thus retained in the analyses assessing the association between cardiorespiratory fitness and outcomes, whereas 246 were considered in the analyses involving the physical activity level. Characteristics of the participants and details of their treatments are presented in Table 2 .
The prevalence of adverse health outcomes in the entire cohort is detailed in Table 3 . Twelve percent of the participants had no late adverse effects at the moment of the evaluation, 19% had 1, 23% had 2, 26% had 3, 13% had 4, and 7% had ≥ 5 late adverse effects. The mean VO 2 peak value obtained during the exercise effort test was 32.2 ± 8.4 mL/kg/min, and the mean of measured/predicted VO 2 peak ratio was 86 ± 17% (median: 84%, range: 38 to 129): 17% of the participants had a VO 2 peak greater or equal ( ≥ 100%) to their predicted value. Mean MVLPA was 28 ± 30 minutes per day (median: 21 min, range: 0 to 238). In total, 49% of the participants practised ≥ 150 minutes per week of MVLPA 3 months before the evaluation. Daily minutes of MVLPA were correlated with the ratio of measured/predicted VO 2 peak (Spearman correlation = 0.284, P < 0.0001).
The relationship between a good cardiorespiratory fitness and the prevalence of each health outcome was evaluated using the PF as an association measure, and similarly to the physical activity level. Crude and adjusted PF according to these 2 explanatory variables (ie, cardiorespiratory fitness, physical activity level) are presented in Table 4 . Complete results of adjusted analysis can be found in Supplementary Table 1 (Supplemental Digital Content 1, http://links.lww.com/JPHO/A285). For cardiorespiratory fitness, significant adjusted PFs (P < 0.01) were observed for obesity (0.30), as assessed with BMI (0.29), body fat percentage (0.22) or waist circumference (0.25). The significant PF (P < 0.01) was also observed for low HDL-cholesterol (0.21) and for depression (0.26). Although the PF for other variables was not significant, they all indicated a positive impact of a higher VO 2 peak, except for hypertension. For the physical activity level, obesity based on total body fat, depression and low LS-BMD were all reduced in the active group, with PF of 0.55 (P < 0.05), 0.81 (P < 0.01), and 0.60 (P < 0.01), respectively.
DISCUSSION
The aim of our study was to explore the association between a good cardiorespiratory fitness or the respect of physical activity guidelines and major long-term health outcomes. The PF analysis identifies a prophylactic effect of cardiorespiratory fitness on the health outcomes studied. Indeed, according to the adjusted analyses with cardiorespiratory fitness, our results showed a 1% to 30% reduction in the prevalence of adverse health outcomes, depending on the outcome studied. Thus, the PF for all health outcomesexcept one (hypertension)-indicated a reduction of prevalence with an increase of 10% in each measured/predicted VO 2 peakratio. This is consistent with previous studies, in other populations, which show that small increases in VO 2 peak or regular physical activity are beneficial. [56] [57] [58] [59] Our findings are important because despite the young age (median of 22 y old) of our cohort, 88% of the ALL survivors presented at least one late adverse effect and 46% presented ≥ 3. Behavioral changes such as nondrug therapies have a very important role in late adverse effects. Thereby, as discussed below, the findings with regard to preventive actions of cardiorespiratory fitness and physical activity level in the health outcomes studied are outstanding.
Obesity
From all the health outcomes, the ones related to body composition appeared to be the most closely associated with a good cardiorespiratory fitness. Using at least one of the criteria chosen to define obesity (ie, BMI, waist circumference, or body fat percentage), 52% of our cohort of ALL survivors was obese. In all populations, exercise interventions to increase energy expenditure and diet modifications to reduce energy intake should both be part of the treatment for obesity. 60 In ALL survivors, each increment of 10% in the measured/predicted VO 2 peak ratio was associated with a preventive action of 30% in obesity (P < 0.01) in adjusted analysis. In obese people, it is interesting to note that even a modest weight loss (5% to 10%) can induce positive health benefits and reduce cardiovascular risk. 61 Moreover, physical activity plays an important role in weight management and obesity. 62 In ALL survivors, a higher physical activity level was found associated with 55% lower prevalence of obesity, only defined with the total body fat percentage.
Dyslipidemia
In our cohort, > 40% of ALL survivors presented a dyslipidemia and more than a quarter were insulin resistant. The beneficial influence of exercise on blood lipid profile has been assessed by several randomized control trials and other studies. Indeed, the mean increase in HDL-cholesterol with exercise training across the studies was of 4.6%, 63 whereas the mean decreases in LDL-cholesterol and triglycerides were of 3.7% and 5.0%. 63 In our study, each increment of 10% in measured/predicted VO 2 peak ratio was accompanied by a preventive action of 21% in low HDL-cholesterol prevalence (P < 0.01). However, there is variability in the responsiveness of blood lipids to physical activity that could be explained by several confounding variables like use of medication, age, hormonal status, cigarette smoking, or genetics. 63 The intertwined relation of nutrition and physical activity represents a limit in the interpretation of our results. In fact, the quantity and quality of food intake can be influenced by higher levels of physical activity. 64 A part of the results obtained with the reduced prevalence of obesity and metabolic disorders could be explained by nutrition. Thus, we reduced this impact by adjusting the analysis using a Mediterranean diet score. 55 
Depression
The positive impact of exercise on depression is well known in clinical populations 65 and in cancer survivors (primarily breast). 66 According to meta-analyses, effect size for exercise interventions on depression in clinical population is large, ranging from −0.72 to −1.4. 66, 67 Effects have been comparable with psychotherapy and medications, especially for subjects with mild/moderate depression levels. 66, 67 In cancer survivors (primarily breast), a metaanalysis concluded that exercise led to a small improvement in depression (effect size of −0.22). 66 However, the impact of exercise on anxiety and depression symptoms in childhood cancer survivors has not been evaluated previously. 68 Our findings show that 11% of our ALL survivors had high levels of depression symptoms, which shows the importance of this health outcome. Both a higher cardiorespiratory fitness and physical activity level were associated with a Models for all outcome variables were adjusted for age, sex, and age at diagnosis. Obesity, dyslipidemia, insulin resistance, and metabolic syndrome were also adjusted for diet, corticosteroids cumulative dose (CS), and exposure to radiotherapy (CRT); reduced ejection fraction for ALL risk category and exposure to dexrazoxane; hypertension for CS and CRT; cognitive impairments for CS, CRT, and methotrexate doses; low BMD for CS and z-score height; vertebral fractures for CS and low BMD.
BMI indicates body mass index; CI, confidence interval; CRT, conformal radiation therapy; CS, corticosteroid; HDL-chol., high-density lipoprotein cholesterol; LDL-chol., low-density lipoprotein cholesterol; LS-BMD, lumbar spine bone mineral density; MVLPA, moderate and vigorous leisure physical activities; OR, odds ratio; PF, preventive fraction. preventive action in depression frequency (PF of 0.26 and 0.81, P < 0.01, respectively). Nevertheless, it seems essential to clarify that, in adults and in children, better sleeping patterns, 69 an increase in self-esteem, 61 stress reduction, and socialization 70 can help prevent depression when the participant practices regular physical activity.
Low LS-BMD
Survivors of ALL are at increased risk for skeletal morbidities, including BMD deficits. 71 Low physical activity levels both during and after treatment for childhood cancer can contribute to cardiac deconditioning and skeletal muscle atrophy. 72 Low LS-BMD is present in 22% of our cohort. This proportion is comparable with the results observed by other teams. 52, 71, 73 Our results show that cardiorespiratory fitness induces a preventive action of 18% for LS-BMD, while a preventive action of 60% (P < 0.01) is observed for the physical activity level. These results were adjusted for height and cumulative dose of CSs. A high level of physical activity is thus associated with better LS-BMD outcomes even if cardiorespiratory fitness is not high. This can be explained by the fact that cardiorespiratory fitness is primarily increased via cardiovascular training such as running and cycling, whereas LS-BMD is increased especially with weight-bearing exercises and with resistance training. 9 In other cohorts of ALL survivors, lower activity level was correlated to low LS and total-BMD 74 and muscle strength was associated with BMD in the extremities. 75 In people with a similar state to the ALL survivors', as in premenopausal women, resistance training, and high-intensity weight-bearing exercise can induce an increase of 1% to 2% at the lumbar spine and femoral neck. 76, 77 A limited number of studies exists on bone health and exercise interventions that have been conducted in cancer survivors. Indeed, one study assessed the effect of exercise on BMD (total body) in childhood cancer survivors, showing a statistically significant positive intervention effect. 78 These results, combined with ours, suggests that physical activity interventions, including muscle strengthening, may improve bone health in ALL survivors.
Other Health Outcomes
A good cardiorespiratory fitness and regular physical activity induce a preventive action for most health outcomes studied, however, it seems that there was no preventive action on hypertension. The literature seems to agree that physical activity has a positive impact on hypertension. Indeed, physical activity helps to reduce the resting systolic and diastolic blood pressure from 11.0 to 3.2 and 7.7 to 2.5 mm Hg, respectively. 79 Yet, some research reports that there might be certain subgroups of hypertensive patients that are more responsive to blood pressure lowering effects of physical activity than others. 80 One of the reasons that could also explain the lack of preventive action for hypertension is the inclusion of prehypertension in our classification for hypertension. The authors assumed that the preventive action of cardiorespiratory fitness or physical activity in blood pressure in these subjects might be lower than in class 1 or 2 hypertensive subjects. Moreover, the optimal physical activity prescription for the prevention of hypertension remains unclear. 81 In this sense, some other health outcomes studied in cognitive functions were not significant, although other studies have found results. [82] [83] [84] [85] However, there are few studies in cancer patients on the effect of physical activity, especially on cognitive functions.
Results from cross-sectional studies suggest that higher levels of physical activity are associated with fewer declines in cognitive function. 86 The observational and cross-sectional nature of our study limits the interpretation. Thus, further replication analysis and confirmation of these findings are needed.
CONCLUSIONS
This study demonstrated that a good cardiorespiratory fitness induced a preventive action for most health outcomes studied and was associated with lower late adverse effects prevalence in ALL survivors, especially for obesity, HDLcholesterol, and depression. Physical activity was associated with lower prevalence of low LS-BMD. A slight increase in cardiorespiratory fitness gave ALL survivors better preventative action on health outcomes. Our study provides a quantitative framework to precisely target future interventional studies and measure their impact on diverse health outcomes in ALL survivors. Clinicians and researchers have an important role to play in the reduction of late adverse effects in ALL survivors. This study provides additional evidence with regard to the benefits of physical activity for cancer survivors.
